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SUMMARY

During the period covered by this report, all items
~.in the work statement (Reference 2) were completed. As an
added bonus, the development work on the face seals re-
sulted in such improved performance by the GPC Demonstration
Unit (DU) that self-sustaining power without external assis-
tance was achieved using both Rotor "B" and Rotor "A".

Rotor "A" 1s aerodynamically cleaner than Rotor "B" and
also has a higher value of rotor nozzle-to-chamber area ratio
(AZ/Ay in the usual terminology—see Ref.l) by some 12%.

The more open rotor nozzle contributes to an improved circu-
laticn of high ~ressure air in the combustor loop, thus per-
mitting higher fuel flow for a given combustor gas exit

temperature (Tpg). The experimental results also correlate
with very smal? deviation from the results predicted by the
GPC Wave Engine Computer Simulation as indicated by Table 1.

Seal Development. Two types_qf ﬁace seals were designed and

" "used during the tests. T

One of these (see Figure 3) 1is a servo-type seal which
is located between the High Pressure Air Port and the Exhaust
Port. It contains two seal elements made of graphite-filled
polyimide plastic. One of these, the pilot seal, operates
in 2 regicn of near zero angular pressure gradient and senses
the axial proximity of the wave rotor blades. It then acts
to position the main seal, located at the leading edge of
the High Pressure Air Port, to some prescribed axial distance
from the rotcr. Servo energy is suppliec by the high pres-
sure air. This seal will be the subject of a patent appli-
cation by GPC as prescribed in the pertinent contract clause.

Other experiments were conducted using mechanically
attached radial strip seals {abricated irowm oxidaticn 1nhi-
tited graphite. These seals were used in place of the ther-
mally sprayed nickel-graphite abradable material. The latter
was generalliy unsatisfactory for the rotor blade annulus seals
becaus~ of damage inflicted upon the wave rotor in the event
of rubbing at high speeds. The inhibited graphite is also
apparently mcre resistant to erosive action of the gases than
1s abradable material.

The two-clement servo-tyvpe seals shinw promise ol hoing
very ¢ffective and nearly nonwearing.,  The design of the pro-
sent se2l 1s not optiual by any means bhocause 2t was neces-
sary to worr within the constraints o0f the existing DU pert
face hardware. It would be necessary to radesign the High
Prossure Arr Port face and diffuser in urder to accomnodate

G tnprovaed scal configuration ana servio system.
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The surround seals, i.e., the stator seals surrounding
the wave rotor shroud, are flame sprayed using a nickel-gra-
phite material, and then machined to the propeg diameter.

At combustor gas temperatures approaching 1700 F. these seals
“tend to erode slowly and thus do not appear to be useful near
the hot gas ports of high performance wave engines There
are other solutions to this particular seal problem, however.
GPC has already made preliminary designs of seals which would
be very desirable and effective in this location.

GPC Wave Engine ~omputer Simulation Program

There are still certain tasks which must be accomplished
before the transfer of this rather complex program to the new
microcomputer is complete. However, the bulk of this work has
been completed and the program has been used successfully as
evidenced by the data presented throughout this report.

This is a large finite element type program containing
.-----.8everal thousand lines of code as compiled. It is capable

of solving the internal wave and flow dynamics of a rotor
with defined geometrv runt.ing between sidewalls in which are
located ports that are compatible with the blade height of

the rotor but arbitrary with respect to length, locaticn, and
physical entrance or exit angles. Any port can be designated
as an inlet or as an outlet port. The computations can be
made on an open ioop basis for arbitrary stagnatlion conaitions
at the plane of the inlet ports and arbitrary static conditions
in the plane of the exit ports. 1In this case, all port flows
and state conditions as well as the final wave field on the
rotar are calculated both as detailed regions and as bulk

or mixed conditions., If two ports are interccnnected, then
the computation can be iterated by loop bhalancing procedures
until mass tlow and other specified conditions are satisfied.

The simulations have been used principally to predict
the performance of the GPC DU using Rotor "A" (a_/A =.50)
because Rotor "B" (A_/A, =.44+) was repaired afteér Most of
the blade joints broKe As a result nf inadequate control by
the vendor of the fuirnace brazing process. The necessary re-
pairs degraded the aerodynamic performance and reduced the
nozzle-to-chamkber area ratio from 0.50 to approximately 0.44.
These deficiencies made 1t difficult, and certainly not worth-
whlle, to measure {low path imperfections and incorporatc them
1nto the rotor blade configuration file of the computer simu-
lation. As a practical matter, the actual performance in test
of the clean rotor (Rotor "A") is cleariy supersor to that of
the repaired Rotor "B" and the computer simulation re¢sults
themselves are more representative of expected performance
from acrodynamically clean rotors. This 1s borne cut by the
data presented in Table 1 where the very close correspondence

ol s1nurated and expoerimental results using votor "AT 1w readlly

apparent.
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damagt to the newer Rotor "A",

General Comments

Many of the test runs conducted for the contract wcre
made to ascertain the effect of the seal designs and clear-
ances and used the older Rotor "B" in order to avoid possible
Also, the DU was modified
to direct the flow through the reentry exit to the exhaust
as shown in Figure 2.

The stronger expansion waves which result from the de-
creased pressure at the reentry exit port produce a lower
residual gas pressure in the wave rotor at a point near the
leading edge of the exhaust port. Consequently, the air
flow from the scavenge compressor to the wave rotor increases
with generally beneficial results to the overall engine pro-
cess. However, the wave rotor must supply all of the power
to drive the scavenge compressor, so0 that excess scavenge
air above 15% is not generally desirable. In the case of
the tests conducted for this report, the excess scavenge air

flow was about 35% to 45%.

Another consequence of this change is greater absolute
Mach number and mass flow at the reentry exit port. Since
the GPC DU 1is configured basically as a gas generator, there
1s no provision for recovering the proportionately large
amount of stagnation enthalpy represented by this flow. The

DU was originally designed to include a turbine wheel for this

rurpose,

With respect to the G2C wave rotor itself, the tangen-
tial momentum condicions for gases entering and leaving the
rotor are such that positive power is produced at all ports
during normal steady-state operation.
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Technical Discussion
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l. Description of Demonstration Unit

The schematic of the GPC DU as arranged for the latest
series of tests is shown in Figure 1, and the corresponding
port configuration appears in Figure 2. The only noteworthy

configuration change concerns the Reentry Exit Ports which :
are now connected directly to the exhaust duct. They were 3
. originally connected to their companion Reentry Nozzle Ports 3

so as to provide two-stage expansion on the wave rotor. How-

ever, 1t was not possible to determine either the true scavenge

air flow or the gas flow at Reentry Exit with the original i
duct arrangement. i

With the present port arrangement the residual high pres-
sure air, l.e., the air that is not taken off the rotor at the
High Pressure Air Port (state 6, Figure 2) is removed from the j
.  nmo-—-. .--Wave rotor at the Reentry Exit Port as indicated by the gas-air
4 ' " "7interface I,. Consequently, there is only hot gas remaining "‘i
P on the wave“rotor between the trailing edge of the Reentry
I'x1t Port and the leading edge of the Scavenge Air Port. Since {
the temperature of the hot gas 1s known as it enters the exhaust
duct, the task of determining the excess scavenge air flow 1s §
simplified. Also, the flow at the Reentry Exit Port can be i
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The Reentry Exit Port flow represents approximately 60%
to 75% of the total wave rotor flow and a considerable amount :
of lsentropic gas horsepower even at low rotor speedg. For o i
example, at a combustor gas exit temperature of 1800 F (2260 R),
a hilgh pressure ailr circulation ratio (W_/w_) of 0.55 and a ;

- . a i
rotor speed of 7000 rpm, the is ntropic gdas power represented :
by the stagnation enthalpy at the Reentry Exit Port is approxi-
mately 4.7 hp. Since the DU 1s a two-sector engine, this
translates to 9.5 1isentropic gas horsepower.

The CU, as previously noted and as shown by Figurce 1
and Figure 2, 1s a two-sector wave engine. This means that
there are two complete cycles of operation per revolution
of the rotor. However, this should not be construed to mean
that thesce arc completely i1ndependent sectors. Tnat 1s not 5
aynamically vossible because the sectors unavoldably 1ntaract :
a4t the Scavenge Awr and Exhaust Ports.  In thoe case of the
U, the two scctors arc also coupled at the high Pressure
Ports by a common combustor. This can lecad to temperature
imbalance i1n the two Hot Gas Ports because of late urning
or firom non-syrnetrical d:ilution action. In general this
16 .0t 1 serious operational problem.
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Scavenge air 1is provided by a centrifugal compressor
from an old GE Type B aircraft type turbo supercharger. This
compressor was designed in the late 1930's and is c¢learly not
representative of modern design techniques. It rarely achieves
o a measured adiabatic efficiency greater than 64%. The effi-
‘ ciency can be properly accounted for in assessing performance
of the DU. However, the lower than optimal pressure rise for
a given wave rotor speed causes a diffusing flow (positive
angle of attack) at the wave rotor entrance. This condition 1
results 1n some loss of stagnation pressure and reduction in ]
. the pressure ratio of the first wave compression process.
The present scavenge compressor wiil be mismatched with the
wave rotor at all speeds. This 1s not a serious matter, how-
ever, except for the reduction in overall pressure ratio of ]
the DU, and can be remedied only by installing another com-
pressor with an impeller having greater diameter or head co-
, , efficient, preferably both.
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2. Wave Rotor Cavity Seals

Most of the experimental work germain to the contract

" was devoted to design and clearance adjustment of the face
seals and surround seals. Rotor cavity seals have been a source
of much trouble with the DU for two praincipal reasons. First of all,
the flame sprayed abradable seai materials have either been
too soft to withstand the erosive action of the hot gases or
s0 hard that they inflict serious damage to the wave rotor
in the event of a rub Letween rotor and stator. Gaencrally,
the sprayed nickei-~graphite abradable materials crode rapidly
when exposed to gases at temperatures in the necighborhood
of 1700°F. It is doubtful that this material will prove to
be very useful in the high temperature regions c¢f the GPC i
Wave Engine. Secondly, the two wave rotors now on hand have
thin cross sections in the region between the attachment bolt
circle and the base of the blades. Thus, they are susceptible
to considerable "dishing" when heated more on one face than
the other.
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Substitution of mechanically attached graphite seals
‘ has helped with both problems. The seal arrangemeni pre-= :
sently nsed is shown in Figure 4. Three vadially disposed
. graphite strips arc used to impede the angular leakage at the
three most critical points on the ex:t side. Fortupately
all three scals can be located arn the Jate of the i:gh r
. surc air Port bLlock., Use of the radial strrp scals rade
poscsible to allow rather large total axial cicaranves botween
rotor and casing and then sec¢al off the critical points. The
L oxidation inhibited graphite used 1s of redium density ana 1
} resists gas Cros)ion very well while at the same time woearing
wlthout apparent damnage to the rotor 1a the event of rubbing.
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The most effective face seal is the onc shown in Fig-
ure 3. In thic arrangement, the pilot seal is closer to
the wave rotor face by approximately .002 inches than the
main seal. It also operates in a region (state 3 as defined

in Attachment D, Reference 1) of near zero angular pressure .
gradient so that there are practically no angular forces act- e el

1ng on it excepting the viscous drag and bearing forces gen-
erated by the velocity of the wave rotor and, of course, the
friction force developed during any light contact between the
rotor and the pilot seal. Mation of the pilot seal parallel
to the direction of rotor ro:tation allows it to track the
relative axial movement of the rotor and also initiate servo
actior to reposition the ma.n seal to a corresponding new
axial location.

This seal arrangement will be the subject of a patent
application by GPC in conformance with contract requirements.
Consequently, further detailed description of the seal is
inappropriate at this time.

The GPC Wave Engine Simulation Program has been transferred
to a microcomputer on the premises at GPC. There were the usual
minor but time consuming problems of converting a program to
run on a new computer with a new operating system and Fortran
compirler. Further, this compiler is structured for the ANSI 77
Fortran which 1is somewhat different frum the compiller provided
by the computer utility which GPC previocusly used.

The simulation program runs on the microcomputer very well
1indced, although the computational speed 1s har 'ly comparable
to that of a large mini1 ¢ mainframe computer. Thls particuleaer
program requires an enormous amount of computation because cf
the iterative nature of most calculations and the Jlarge number
of loopings required to achieve flow balances and to satisfy
certain constraints. Other aspects of the computer simulation
work have beer. stated in the summary section. Further indica-
tion of the r icure of the calculations and the detall revealed
by them can be obtained by study of the examplie given and
by the test and simulation results included hereln.
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The tests of the GPC DU were divided into two gencral
catcgories. The first series of tests werce to ascertair the
clfects of the aerodynamic improvements 1n the high pressure
i . . w..Aalr (combustor) loop and the port edge settings which had
: been incorporated into the DU over a year ago but which aad
never been tested. The second series of tests were to mea-
sure the effect of the new face sezls and surround seals with
bEoth rotors, one of which (Rotor "B") has an area ratio 1

(A_/A ) of approximately .44 and the other (Rotor "A") an ]
aréa fatio of .50.

— v

[ ——

Tests 1indicated that the two-element servo seal 1ncreased
the High Pressure Air (P,; to 37.0 psia when used 1in only
one sector compared with approximately 23.6 psia for the
abradable seals with runs at nearly the same speed and comn-
bustor gas temperature. Only one of these seals was completed
and the other is approximately 70% complete. Since time

- ——— s 0

‘ for the program was limited, 1t was necessary to abandon work J
) ‘ on these seals in order to complete the machining and assem- =

: - T=EEET=ITERply of Rotor "A®" and to investigate the performance of the g
‘ | i - graphite strip seals. !

The strip seals, when installed 1n the face bklocks of
both High Pressure Alir ports, practically cduplicated the per-
formance of the single two-olement scrvo scals, producing a
] nressure of P6 = 27.0% psia when ovperated with a total axial
N clearance of .010-.012 inches. This appedars to ke adeguate
rubbing clearance. 1If the clearances are rcduced to .006-.008
inches, the rotor will wear the graphite sirips but without

- -

sutfering any apparent cdamage 1in doinyg so.

-
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A performance comparison of the two rotors i1ndicatoes

. that the newer rotor (Rotor "A") produces very ncarlyothc :

same pressure vratio as Rotor "B" at approxirately 21071 lower |

combustor gas temperature but at about the same fuel Ilow '
rate. This 1s directly attributable Lo the stronger (20%

to 25% greater) Hiah Pressure Air circulation produced by the

newer rotor. Thils improved pertormance 1s not only a reflec-

tion of the cleaner internal flow passages of this rotor but f

also a consequence of the larger nozzle-to-chamber area ratio. !

. . N i
The remainder of this scotion Wwiil Lo devoted to a com-
parison of simulated and actuai performance 1or the conditions:

DY P Ty > = it g .

i Tyq (cOmbustor gas exit) = 1600°F (2060°R) ;
V.o (rotor prtchiine speed) = 350 fps (7000 rom:;

k Ay'&v(roLor arca ratiod o= 050
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Printouts ot the rotor wave fields and the inlet and
: ¢ex1lt port conditions have been reproduced in an effort to

1 show the detailed naturc of the calculations. It shculd be
o noted that the GPC Wave Engine Computer simulation is struc-
i .. . tured to permit selection of the convergence talerance for

i -7 7 7 all calculations It also permits preselection of the mini-
ol mum level of discontinuity-induced changes in certain varia-
bles below which the interactions will be disregarded and

other corrections applied. This capability is necessary in
order to keep the number of iterations for any port set within
reasonable limits. The discussion will make use of Figure 5,
the pertinent reproduced printouts and notes, and the following
descriptions of the printouts:

This is a record of the wave conditions

that exist on the rotor at the end of a
prescribed region containing one or more
ports. These discontinuities are distributed
along the y axis.

i Wave Field Out

=== Wave Field In - This is a record of the wave conditions
| * : ' on the rotor at the beginning of a prescribed
' region containing one or more ports.

Port Left - Conditions 1n a port to the left of the
rotor for every interaction which occurs
at this point from the Leading edge to the
trariing edge of the poruv. These luler-
acticns are bounded by points along the

X axls.

. Y SPVTRAEREY BTGRP TN YT IR, S0 W 5 9 o o
]

Port Right - Same as above but for a port to the right
of the rotor.

v

Key to the symbols used for the wave field columns are
as follows:

va) Wave Field Storage Number

Y ; (L) Location Along x-axis, 1nches
) (c) Location along y-axis, lnches

(d) Slope, dy/dx

(¢) Pressure Ratio i

(f) Son1c veloclity 1n yas, Tty scc. i

() Gas velocity, ft,/sco. ; —to left of i
; i drscontinuity :
g (n) Specific heat ratio ' :
K i) tfucl-a:r ratio




y i

7 (1) Pressure ratio T

' (k) Sonic velocity, ft/sec ;~to right of

- (1) Gas velocity, ft/sec ' discontinuity

Vi (m) Specific heat ratio §

i S ..+ An) -~ ~Fuel-air ratio R ”#:ﬂt;-j R e

' . (0) Area change indicator.,

: ]
i : _ Definitions of column headings for port regions are ;
‘ as follows: i
i X Distance from leading edge of port, inches. %
i Cas velocity, ft/sec. é
! PHI Angle, degrees with respect to plane of 3
E rotation.
E MASS weight flow, lbs/sec.
: Ux - Velocity parallel to plane of rotation.
e V1 " 'Velocity normal to plane of rotation.

The {ollowing numbered notes refer to correspondingly
rarked locations on the reprodaced printouts:

Note 1 - This wave field 15 syvnthesized from certain input
condirllons (buik propertres, as a rule) 1n corder
to begin the GPC Wave Engine slmulation process.

Note 2 - The sum of mass flows 15 cailculated by two darifer-
cent metheous 1n the program: c:ther by summation

i of each state property 1ndividually from a parii-

! cular Wave Field Out, or from contlnulty conditions

- {-. on the rotor. Sometlimes therce arce disparitiles

: ‘f between the two which are resolved as the 1teration

process continucs.

Note 3 - The average value for Mass Flcw On  and Mass Flow Off
L | : is used to calculate the ciarculation ratio (Wg/Wp).

: The pressurce drop through the combustor loop of the

-i i GPC DU s very low at approximately 7% 07 maximum
flow. Consequently, the sinualate] stagnation proessure

. rnoitort oghit dinvahe Pressuera Ay may sometimes Do

lower than stagnatlon bressure 1n Port Left (hot
;as iortr because of the loop balancing tolerance.

; Note v - Thee o pegor nroduced by the rotor s ocalcuiated from
thiene mtions and the axral forces are calculated

UM St 1Ay SUmmat i on..
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Note 5 -~ Notice that Wave Field Out for a previous region
becomes Wave Field In for the following region.

Note 6 =~ Stagnation pressuve {(P.) and stagnation sonic
velocity (Co) can be uged to calculate the L
ek e edbhieRie e il Sentropic 'gas horsepower available at the TR
Reentry Exit Port.
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Wave Field 81 and the associated port printouts are
not included because they require about four pages since
the scavenge air and exhaust ports are relatively long.
The printouts contain a total of 125 regions for the two
ports, and they add nothing not already revealed in *“he
Qother sample printouts.

PR IRTRY

A comparison of the experimental results (Data Run
$202) with the simulation for a closely corresponding set
of conditions appears in Table 1. There are some disparities
because this is an off-design condition. However, it demon-
strates the capability of the GPC Wave Engine Simulation
Program to predict an idle condition very closely and to
show the isentropic gas power available. The speed of the
DU varied from 6800 to 7300 rpm during the time required
to record the data, but this change has no significant bear-
ing on the results.
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TABLE 1
QUANTITY SIMULATION DATA RUN  —=—-v-=—e-- COMMENTS -~=====---
‘Pressure Ratio 2.765 2.716 DATA FOR DATA RUN #202
w.ps/pA
Combustor Temp. ., 1600°7 1561°F The initial temperature setting of
TOS {2060°R) {2021°R) 1600°F changed during the run be-
cause of increasing High Pressure
Air circulation.
Pitchline Speed, 3S0 354 vVaries during run. DU is not
v, ft/sec ft/sec(avg) governed nor does it have auto-
matic fuel flow control.
Rotor Mass Flow, . 2085 .190 One Sector Only
WA lbm/sec 1bm/sec
Ambient Temp. 70°F 80°F Average during run.
(530°R) {540°R)
Circulation .414 .52 The simulation loop balance occur-
Ratio, ws/wa red on the low side of the toler-
~ance, resulting in lower mass flow
’ ""and pressures. The performance of
Rotor A is very good.
Mass Flow, .1244 .134
Reentry Exit lbm/sec 1bm/sec
Exhaust Flow .169 .156
lbm/sec lbm/sec (avg)
Compressor .611 .59
Flow lbm/sec lbm/sec
Compressor 7.685 hp 5.85 hp Simulations indicate higher AT
Power than measured.
Power at Scavenge 2.126 hp -
and_Exhaust _
Power at High 1.408 hp -
Pressure Port
Power at Re- 3.835 hp -
entry Exit
Total Rotor
Power 7.369 hp -
Not Power -.316 hp Gt
Isentropic Gas Instrumentation does not permit
Fower at.Re- 9.343 bp - accurate measurement of this.
entry Exit
Fuel Flow
(18,400 BTU/1lD) 12.87 13.3g5
1b/hr 1b/hr
- 17 -




Recommendations for Further Work

X 1. Upgrade of the GPC Demonstration Unic to a high performance
' test unit by doing the following:

, a. Design and fabricate new rotors oi the type shown
| on page 72 of Reference 1. Thils rotor type

' would employ a dual disk for axial stability
and have cast blades attached to the disk by
some mechanical means. The blades themselves
would be designed in accordance with analysis
of Attachment D, pages 51-71, Reference 1.

b. Modify the DU to accept dual combustors which could
be operated at Sxit gasotemperatures in the neigh-
' borhood of 2400°F (2860°R).

c. Replace the present scavenge compresscor with one
. of modern design that can produce a pressure
.. e ratio of 3.5 at 24,000 rpm.
! d. Continue development work on the face seals and
‘ surround seals along lines begqun during the pre-
sent contract.

e. Design and construct high performance powe
=2

for coperation on same shaft ac DU, or

—ractallnl QoL oSalt

¥ turbilnes
s separate
free turbines.

i 2. Conduct experimental and theoretical work on such topics
; as.:
1

a. Gas interface mixing.

b. Port opening and closing dynamicCs.

¢. The work as set out in proposals of Reference 1.
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LIST OF SYMBOLS

A - Flow area of wave rotor chamber, i.e. the area
defined by the normal distance between two ad-

, jacent blades multiplied by the radial blade height
; i o S at any axial location between the rotor entrance

: . plane and the beginning of the nozzle transition.

A - Flow area of wave rotor nozzle, i.e. the area de-
fined by the normal distance between two adjacent
rotor blades multiplied by the radial blade height
at the end of the nozzle transition.

: Il - Air-gas interface established during low pressure

; scavenge process. By definition, the static pres-
sures of the gases on opposite sides of the inter-
face are equal and so are the gas velocities.

[ L. . . .

| 12 - Gas-air interface established during high pressure

;*“h';*;;““POn - Stagnation pressure at location n.

TO_ - Stagnation temperature at locatior n.

W - Welght of ailr per unit time on wave rotor at com-
clction of low pressure scavenge and first stage
wave COMpPresslon processes.

i - Weight of gas per unlt timae entoring wave rowor at
> liot Gas Port. famec as weight flow of air leaving
rotor at High Pressure Aalr bPorc, exsept for the fuel

added during combustion.
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LIST OF REFERENCES

1. Colemezn, Richard R., GPC Wave Engine Technology, Status Sum- =2
mary and Analyses, with additions and revisions of 8-18-83.
2. wWork Statement included with proposal of December 7, 1982.

(See copy., Appendex A).
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APPENDLEN A

: TACK SUMMARY
|
r bl Prepare and Test kngine with Rotocr 'b', Area
i e el Ratio = .46.
o 1.2 Prepare and Test Engine with Rotor 'a’, Area
P Ratio = .50.
E 1.3 Prepare and Test Engine with Iroroved Rotor
% Seal Configuration and Rotor 'a'.
i
Ii.l Simulation Support for Test.
§ 11.2 Test Data Reduction and Correlation with Simulation
: Data.
111, Final (and Quarterly) Report.
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